The dynamic, tropical glaciers of the Peruvian Cordillera Blanca are rapidly changing and these changes are expected to affect water availability, especially during the dry season. In this study, we quantify recent changes to these water reservoirs, providing estimates of glacier area in the Cordillera Blanca and sub-watersheds of the Rio Santa for the following years 1987, 1996, 2004, and 2010. We explore the effects of atmospheric and topographic corrections by comparing debris-free glacier area estimates generated using raw scenes and corrected scenes. Our results suggest that these corrections can have a significant impact on debris-free glacier area estimates when the same threshold is applied. Debris-free glacier area estimates derived from uncorrected scenes are approximately 5% less than debris-free glacier area estimates derived from atmospherically-corrected scenes. We determined that debris-free glacier area estimates are most sensitive to the choice of threshold and topographic effects. To map glacier area change, we used high-resolution satellite imagery to calibrate our selection of a single threshold for the Normalized Difference Snow Index (NDSI). This threshold value was applied to all NDSI images, which were derived from four carefully selected and atmospherically-corrected Landsat Thematic Mapper (TM) scenes acquired at the end of the dry season. In order to calculate total glacier area, we manually mapped debriscovered glaciers, because automated methods were unsuccessful in this region. As of August 2010, the Cordillera Blanca had a total glacier area of 482 km 2 , which amounts to a 25% decrease since 1987. Glaciers in the southern portions of the Cordillera Blanca, which have lower median elevations on average, lost a greater percentage of their area from 1987 to 2010, relative to their northern counterparts. Overall, glacier area change in the Cordillera Blanca appears to be accelerating. Between 2004 and 2010, glaciers in the Cordillera Blanca lost area at a rate that was approximately 3.5 times the average rate of area loss from 1970 to 2003.
Introduction
Tropical glaciers, like those in the Cordillera Blanca of Peru, are sensitive indicators of climate change (Kaser & Osmaston, 2002) and vital dry season sources for drinking water, agriculture, and hydropower generation (Bradley, Vuille, Diaz, & Vergara, 2006; Mark & McKenzie, 2007) . Remote sensing studies focusing on this region have shown that multi-spectral satellites such as Système Pour l'Observation de la Terre (SPOT) (Georges, 2004; Racoviteanu, Arnaud, Williams, & Ordonez, 2008) , Advanced Spaceborne Thermal Emission and Reflection Radiometer (ASTER) (UGRH, 2010) , and Landsat Thematic Mapper (TM) (Mark & Seltzer, 2003; Silverio & Jaquet, 2005) are useful tools for monitoring changes in glacier extent on approximately decadal time scales. Recent studies focusing on hydrologic modeling of glacier contribution to watersheds in the Cordillera Blanca have utilized multi-temporal estimates of glacier area derived from remotely sensed data to describe the effect that glacier change has had and will have on water resources for this region (Condom et al., 2011; Juen, Kaser, & Georges, 2007) . Baraer et al. (2012) argue that discharge has already peaked for seven of the nine glacierized watersheds they studied in the Cordillera Blanca. It is crucial that the shrinking water reservoirs of the Cordillera Blanca continue to be monitored both on the ground and remotely, since accurate estimates of glacier area and mass balance are required for calibrating hydrologic models used to make predictions about future runoff under different climate scenarios.
Manual delineation, or hand-digitization, of remotely sensed images had been considered the most accurate method for mapping glaciers (Albert, 2002) , but this method is very time-consuming for a multitemporal change analysis of a large area, such as an entire mountain range. Automated glacier mapping methods using various band ratios have been applied to map glaciers at local to regional scales because these methods are easier to implement, frequently just as precise as manual digitization (Paul et al., 2013) , and provide more consistent results. Automated methods for mapping glacier ice utilize different bands of the electromagnetic (EM) spectrum. Debris-free glacier ice is highly reflective in the visible part of the EM spectrum (0.4-0.7 μm), less so in the near infrared (0.7-1.0 μm) portions of the EM spectrum, and is nearly zero in the shortwave infrared portion of the EM spectrum. It is this contrast in reflectance that enables automated mapping of debris-free glacier ice. Automated methods that rely on this contrast in reflectance are not effective for mapping debris-covered glaciers because rock debris with a different spectral signature obscures the underlying ice. While it is important that both debris-free and debris-covered ice are mapped accurately to account for total glacier area, the major focus of this paper is mapping changes in debris-free glacier area with automated methods since debris-covered glacier area is estimated to be very small in this region. Paul, Kääb, and Haeberli (2007) and Paul and Kääb (2005) found that a simple band ratio using Landsat TM bands 3 (0.63-0.69 μm) and band 5 (1.55-1.75 μm) was effective for mapping shadowed ice, but tended to misclassify water bodies as ice. A TM band 1 (0.45-0.52 μm) threshold is often used in conjunction with the TM3/TM5 ratio because it can be used to optimize the classification of ice/rock in cast shadow (Paul & Andreassen, 2009; Paul & Kääb, 2005; Paul et al., 2007) . A simple ratio using Landsat TM band 4 (0.76-0.90 μm) and band 5 has also been used effectively for mapping glacier ice (Jacobs, Simms, & Simms, 1997; Paul, Kääb, Maisch, Haeberli, & Kellenberger, 2002) , but this method is less effective in deeply-shadowed areas. used the Normalized Difference Snow Index (NDSI; Hall, Riggs, & Salomonson, 1995) with SPOT scenes to map glaciers in most of the Cordillera Blanca, showing that the NDSI was effective at distinguishing glacier ice from non-ice areas, especially where the ice is shadowed. The NDSI uses the difference between a visible (TM band 2, 0.52-0.60 μm) and mid-infrared band (TM band 5, 1.55-1.75 μm) divided by the sum of those bands. For debris-free glacier areas, the NDSI is normally highest over fresh snow and lowest over wet and/or dirty ice and shadowed ice.
Most glacier mapping studies utilize raw quantized radiance values, or digital numbers (DNs), measured at the sensor, but when possible, it is preferable to perform atmospheric and topographic corrections so that the analyst may work with data expressed in actual physical units, such as reflectance. These corrections can help to standardize scenes from different dates and/or sensors, but careful scene selection is also very important. Even though most mountain glaciers are at high elevations and, relative to targets near sea level, there is less atmospheric mass between the target and the sensor, optical satellite imagery used in multi-temporal glacier change studies should be atmosphericallycorrected to account for atmospheric scattering by gaseous and aerosol constituents. Atmospheric scattering and absorption affect light transmittance through the atmosphere and distort the measured reflectance characteristics of surface materials. Reflectance from the target of interest is modified by atmospheric effects and path radiance, which is additional light measured at the sensor that has not interacted with the target (Vermote, Tanre, Deuze, Herman, & Morcette, 1997) . The process of absorption, either by gas molecules or terrain, converts the sun's energy to a different form. Most satellite sensors have already been optimized to record electromagnetic data from atmospheric windows where atmospheric absorption is low. For mountain glaciers, the process of Rayleigh scattering is particularly important because most Rayleigh scattering, commonly by gas molecules like oxygen and nitrogen, takes place between 2 and 8 km in the atmosphere (Jensen, 2005) . Atmospheric correction is especially important for mapping methods which utilize bands in the visible spectrum, such as the TM3/TM5 ratio or the NDSI, because atmospheric Rayleigh scattering varies inversely to the fourth power with wavelength (Cracknell & Hayes, 1991) . Mie scattering, or aerosol scattering, usually occurs in the lower 4.5 km of the atmosphere while non-selective scattering of water vapor usually takes place in the lower 2 km of the atmosphere.
When possible satellite images used for change analysis in mountainous terrain should also be corrected for topographic effects like slope and aspect, since these effects can introduce additional radiometric distortion, especially in mid-infrared bands (Kawata et al., 1990) . There are two general methods for applying a topographic correction: band ratioing and correction based on local illumination geometry. Band ratios have been shown to eliminate, or at least reduce, illumination differences resulting from rugged terrain (Jensen, 2005) . However, band ratios utilizing visible spectrum bands which have not been radiometricallyor atmospherically-corrected can be problematic (Crippen, 1988) . Corrections based on illumination geometry require an accurate DEM that has the same resolution as the data acquired from the sensor. Gupta, Ghosh, and Haritashya (2007) and Riano, Chuvieco, Salas, and Aguado (2003) summarize some of the most common correction methods based on illumination geometry, such as the Cosine correction (Teillet, Guindon, & Goodenough, 1982) , Minnaert correction (Minnaert, 1941) , Statisticalempirical correction (Teillet et al., 1982) , and C-correction (Teillet et al., 1982) . The C-correction method is a statistical method that tends to reduce the over-correction of weakly-illuminated regions. Gupta et al. (2007) and Shukla, Gupta, and Arora (2009) both used the C-correction method to obtain reflectance data normalized for topographic effects in a Himalayan basin. They found that this method was preferable because the Cosine-correction commonly over-corrects weakly illuminated regions (Meyer, Itten, Kellenberger, Sandmeier, & Sandmeier, 1993) where diffuse radiation is significant. Other studies also indicate that the C-correction often performs well (Meyer et al., 1993; Riano et al., 2003) .
Two final issues that are sometimes left unaddressed in glacier mapping studies are the selection of a threshold for automated glacier mapping methods and threshold sensitivity. In terms of threshold selection, many analysts report making a visual comparison between glacier extent mapped with a certain threshold and a color-or false-colorcomposite image from the same scene (Paul & Andreassen, 2009; Racoviteanu, Paul, Raup, Khalsa, & Armstrong, 2009) . Others have chosen a threshold based on an inspection of the NDSI image histogram (Silverio & Jaquet, 2005) . In this paper, we suggest that, when possible, a threshold choice should be quantitatively and qualitatively validated using either ground data or higher-resolution satellite imagery from approximately the same date. Thresholds can vary from scene to scene or even within a scene, depending on the presence of fresh snow or shadows. Ideally for a change analysis spanning multiple years or decades, the analyst would have selected satellite images from within the same month, preferably towards the end of the melt or dry season to capture minimum glacier extent and exclude seasonal snow. Once spectrally similar scenes are selected, atmospheric and topographic corrections can further facilitate the selection of a single threshold. These corrections essentially standardize scenes from different dates, assuming that other sources of variation, such as smoke, thin clouds, and fresh snow, are not introduced.
In this study, we explore the effects of atmospheric and topographic corrections as well as threshold sensitivity on debris-free glacier area generated using the NDSI. We used atmospherically-corrected Landsat TM imagery and applied a single NDSI glacier threshold to provide a measure of glacier change in the Cordillera Blanca from 1987 to 2010. We examine glacier area change for 11 sub-watersheds of the Rio Santa (Fig. 1) . We also estimate the total glacier area change for the entire Cordillera Blanca to fill in data gaps and compare our estimates with previous studies. The specific objectives of this study are to: (1) compare estimates of Cordillera Blanca debris-free glacier area generated from atmospherically-and topographically-corrected satellite imagery and uncorrected imagery; (2) choose a single threshold for mapping debris-free ice in the Cordillera Blanca; (3) to quantify glacier area change from 1987 to 2010 in gauged watersheds draining to the Rio Santa, as well as the entire Cordillera Blanca; and (4) to estimate the uncertainty of our glacier outlines.
Study area
The Cordillera Blanca contains the highest concentration of glaciers anywhere in the tropics (Kaser, Ames, & Zamora, 1990) . Previous work has shown that glacier area in the Cordillera Blanca decreased by 15-22% from 1970 to 2003 (Georges, 2004; . The aforementioned range depends on the value used for the 1970 glacier area. Recently a thorough glacier inventory was completed for the entire Cordillera Blanca using ASTER and SPOT scenes, most of which were from 2001 to (UGRH, 2010 . The majority of glaciers in the Cordillera Blanca are relatively thin and steep, and thus classified as mountain-type in the UGRH inventory.
The glaciers are critical for water resources in the region with most draining into the Rio Santa, which originates at Laguna Conococha (4050 m a.s.l.) and eventually flows into the Pacific Ocean, approximately 10 km north of Chimbote. The contributing area above the La Balsa station (~5000 km 2 ) constitutes a watershed that is referred to locally as the Callejón de Huaylas (Fig. 1) . For all analyses in this study, we refer to the Callejón de Huaylas regional watershed as La Balsa. Based on 2007 Peruvian census data, this regional watershed had an estimated 267,000 inhabitants (Mark, Bury, McKenzie, French, & Baraer, 2010) . Within and adjacent to the Callejón de Huaylas are ten glacierized watersheds, all of which flow to the Rio Santa and have long term records of discharge. These watersheds range from 41 km 2 to 384 km 2 in size ( Table 1 ).
The defining features of the climate in this region are a pronounced seasonal distinction in precipitation and a lack of seasonal temperature variation. There is a large seasonal distinction in the precipitation totals for the wet (Oct.-April) and dry (May-Sept.) seasons. Based on precipitation records from stations located in the Llanganuco and Querococha watersheds (see Fig. 1 for locations) , approximately 90% of precipitation falls during the wet season (Fig. 2) , while discharge is buffered in the dry season by glacier melt. During the wet season, moist air is carried in from the southeast by the Intertropical Convergence Zone (ITCZ), with the Cordillera Blanca serving as a topographical barrier to the rest of the Callejón de Huaylas and the coastal regions below. In the dry season, trade winds originating from the southeast are dominant (Kaser & Osmaston, 2002) . Normally precipitation only falls as snow at higher elevations, usually above 5000 m (Hellström & Mark, 2006) . In terms of temperature, the difference between wet season average temperature and dry season average temperature is much smaller than the average diurnal temperature range (Kaser et al., 1990) .
The mass balance dynamics of glaciers in this region are different from the majority of glaciers outside of the tropics (Kaser, 1999) . Glaciers in the Cordillera Blanca not only accumulate most of their mass in the wet season (austral summer), but also lose the most mass during this time (Kaser & Osmaston, 2002) . Additional glacier melt occurs during the dry season (austral winter), buffering seasonal low flows (Mark & McKenzie, 2007) . Only a few glaciers in the region have been studied in detail, namely Artesonraju, Uruashraju, Yanamarey, and Broggi, which was located in the northeastern portion of the Llanganuco watershed. Previous studies have presented traditional mass balance measurements and measurements of terminus retreat for these glaciers (Hastenrath & Ames, 1995; Kaser et al., 1990) . Another study made indirect mass balance estimates based primarily on historical monthly stream discharge data (Kaser, Juen, Georges, Gómez, & Tamayo, 2003) . These measurements and estimates are useful for inferring patterns of glacier change in the Cordillera Blanca when remote sensing data sets are limited.
Methods

Data acquisition and pre-processing
The suitability of satellite imagery for glacier mapping depends on cloud cover, the date of acquisition, the presence of seasonal snow, and illumination geometry at the time of acquisition (solar elevation and azimuth). We utilized data from five satellites sensors: Landsat 2 Multispectral Scanner (MSS), Landsat 5 TM, Landsat 7 Enhanced Thematic Mapper (ETM+), ASTER, and IKONOS-2. We also utilized high-resolution imagery found in Google Earth (QuickBird satellite) for additional reference. Table 2 lists the spatial resolution and dates of acquisition for the scenes that were analyzed in this study. Although the Landsat satellites have relatively short repeat cycles (ex: 16 days for TM), the presence of cloud cover in mountain environments and the seasonal time constraint make it particularly difficult to acquire multiple high-quality images for any one year. Furthermore, the rate of glacier change and the errors associated with mapping glacier change using medium-resolution satellites (image co-registration and resolution) may only permit change estimates to be made with confidence over time scales of 5-10 years (Hall, Bayr, Schoner, Bindschadler, & Chien, 2003) .
For our detailed analysis of glacier area change, we selected two scenes from the following years : 1987, 1996, 2004, and 2010 . Each scene was carefully selected to ensure that (1) cloud cover and haze were minimal, (2) fresh snow was minimal, and (3) the scene fell within a month of all others. Fig. 3 contains histograms for TM bands 1 through 5 for each analysis year, illustrating that the scenes we selected were spectrally similar, especially in comparison with a scene that had fresh snow cover (not used for analysis). Furthermore, the illumination geometries of each scene used for analysis are similar ( Table 3 ). All of the solar elevation angles are relatively high, and are within 10°of each other. Solar azimuth angles vary by only 9°.
Landsat scenes downloaded from the United States Geological Survey (USGS) Earth Resources Observation and Science (EROS) Center are already orthorectified and projected. For each year, we acquired two scenes from World Reference System (WRS2) path 08 and row 66/67. Orthorectified and georectified ASTER scenes, including digital elevation models (DEMs), were downloaded from the Land Processes Distributed Active Archive Center (LPDAAC). All Landsat and ASTER scenes were projected to the Universal Transverse Mercator (UTM) coordinate system, zone 18 south. The IKONOS-2 scene was projected prior to download. The scene was orthorectified using the Environment for Visualization of Imagery (ENVI) v4.8 with the Shuttle Radar Topography Mission (SRTM) 90 m DEM, provided by the Consultative Group for International Agriculture Research -Consortium for Spatial Information (CGIAR; http://srtm.csi.cgiar.org/).
Next, we converted Landsat TM and ETM+ digital numbers (DN) to top-of-atmosphere (TOA) radiance using pre-processing tools in ENVI v.4.8. Atmospheric correction was performed to convert top-ofatmosphere radiance to surface reflectance. For this, we used the atmospheric correction model Second Simulation of a Satellite Signal in the Solar Spectrum (6S; http://6s.ltdri.org/) (Vermote et al., 1997) . Table 4 shows an example of the parameters used in the atmospheric correction procedure. For each correction, we set the target altitude to 4.5 km above sea level (a.s.l.), which is approximately the lowest glacier terminus elevation in the Cordillera Blanca. For aerosol optical depth, we used a constant value of 0.1 based on monthly estimates from Multi-angle Imaging SpectroRadiometer (MISR) Monthly Global 0.5 × 0.5 Degree Aerosol Product (MIL3MAE). Future studies may choose to implement the 6S atmospheric correction using Matlab (http://www.eci.ox.ac.uk/ research/ecodynamics/landcor/) or GRASS GIS (http://grass.osgeo.org/ grass65/manuals/i.atcorr.html). Atmospherically-corrected Landsat TM scenes were co-registered to the 18 August 2010 Landsat 5 TM scene if the observed offset was greater than 0.5 pixels. The IKONOS-2 and Landsat ETM+ scenes were coregistered to each other, instead of to the 2010 Landsat 5 TM scene because these scenes, both from May 2003, were only used for calibration of the NDSI threshold (discussed later).
After atmospherically correcting each scene, we also tested a topographic correction method using a DEM and associated illumination geometry. Before discussing the topographic correction procedure, it is important to note that the effectiveness of the correction is tied to the quality of the DEM. In this region, high quality elevation data is very limited. To our knowledge, there are three sources of digital elevation data available for the Cordillera Blanca: the SRTM DEM (version 4.1 from CGIAR), the ASTER Global DEM (version 2), and a DEM generated from contour lines from the Carta Nacional del Peru from 1987 (effective scale 1:25,000; see Georges, 2004) . We only have access to the SRTM DEM and ASTER GDEM.
Void locations in the original SRTM DEM, which are more frequent over water bodies and rugged terrain, need to be taken into consideration when working with the SRTM DEM in mountainous areas (Jarvis, Reuter, Nelson, & Guevara, 2008) . For the Cordillera Blanca, we observed a number of voids in the original data. However, the gap-filled SRTM DEM (Reuter, Nelson, & Jarvis, 2007 ) from CGIAR does not have any visually obvious flaws based on a hillshade of the DEM and comparison with the more recent ASTER Global DEM (GDEM2). CGIAR does not provide much information about auxiliary data sources in the Andes that are used to fill voids, but references an independent website hosted by Jonathan de Ferranti (http://www.viewfinderpanoramas.org/dem3. html). Ferranti states that voids are filled primarily using ASTER GDEM, Landsat, and various topographic maps.
ASTER GDEM2 was released in October 2011 and was a significant improvement upon the first version which had many visually obvious errors in the Cordillera Blanca. ASTER GDEM2 is a compilation of ASTER DEMs that are acquired on different dates and then stacked together. In general, the more cloud-free scenes that cover a point, the higher the elevation accuracy. For most areas in the Cordillera Blanca, the GDEM2 was produced using between 10 and 20 ASTER scenes, which corresponds to about 8 m vertical root-mean-square error (RMSE) (ASTER GDEM Validation Team et al., 2011) . However, there are also large areas in the northern portion of the Cordillera Blanca where the DEM was only generated from 5 scenes or less, corresponding to between 8 and15 m vertical RMSE (ASTER GDEM Validation Team et al., 2011) . Though the nominal grid resolution of the ASTER GDEM2 is 30-m, the actual horizontal resolution was determined to be about 72 m (ASTER GDEM Validation Team et al., 2011) . The high RMSE error values referenced above for GDEM2, coupled with the actual horizontal resolution of the SRTM DEM and GDEM2 suggest that neither DEM would be suitable for an analysis that requires careful topographic correction. Keeping this limitation in mind, we decided only to explore the effects of topographic correction using the DEM with the best horizontal resolution (GDEM2). In other words, although Fig. 3 . Histograms for TM1, TM2, TM3, TM4, and TM5 for each year (only P08R66 scene) analyzed (minimum snow cover) as well as for a snowy scene (1999) . As the histograms illustrate, the raw data for bands 1, 2, 3, 4, and 5 from the clear scenes match each other closely. we topographically-corrected all scenes, these data were not used for our final analysis of glacier area. We used the C-correction (Teillet et al., 1982) to carry out topographic correction and obtain reflectance data normalized for topographic effects. The topographic correction was implemented using routines in GRASS GIS (GRASS Development Team, 2012 ; http://grass.osgeo.org/grass65/ manuals/i.topo.corr.html). Atmospherically corrected scenes were loaded into GRASS GIS and the routines were run using the illumination geometry from the acquisition date/time (Table 3) to output topographicallycorrected scenes with reflectance values.
To explore the effects of the different corrections, we performed 3 separate NDSI calculations for each scene: one with the raw Landsat bands (DN values), one with atmospherically-corrected bands, and one with atmospherically-and topographically-corrected bands. Next, we created a rough mask for the entire Cordillera Blanca in order to remove most lakes at lower elevation. To do this, we hand digitized a polygon around all glacierized areas (1987 extent) in the Cordillera Blanca, usually leaving a buffer between 100 and 500 m from the glacier terminus. Each NDSI image was then classified into debris-free glacier and non-glacier zones using a range of threshold values. Prior to threshold calibration, we applied a range of threshold values commonly used in the literature (0.35 to 0.55) to each scene in order to illustrate the area differences which resulted from the different corrections and thresholds. We then examined the effects of atmospheric and topographic corrections individually. The atmospheric correction method was evaluated by comparing NDSI histograms before and after the atmospheric correction. The topographic correction method was evaluated by comparing atmospherically-and topographically-corrected outlines from a TM scene (31 August 2003) with each other and with high resolution QuickBird imagery (7 September 2003) found in Google Earth.
NDSI threshold calibration
We used the NDSI to map debris-free glaciers:
where ρ TM2 is the reflectance in TM band 2 and ρ TM5 is the reflectance in TM band 5. Compared to other automated glacier-mapping methods, NDSI is well-suited for glacier mapping in this region because it can detect glacier ice in complex terrain where shadows are common . We tested other ratio methods such as TM3/ TM5 and TM4/TM5 but chose to use the NDSI because it more accurately detected shadowed glacier ice and required less manual postprocessing for removal of water bodies. Furthermore, this method has been used frequently in the Cordillera Blanca Silverio & Jaquet, 2005; UGRH, 2010) and the low latitudes (Albert, 2002; Arendt et al., 2012; Silverio and Jaquet, 2012) , so it facilitates comparisons with previous work. We chose a threshold value for the NDSI image created with the atmospherically-corrected bands. As noted above, the lack of a high quality DEM restricts us from performing a robust topographic correction. The optimal threshold value for debris-free ice was determined by first comparing NDSI-generated polygon areas from a medium-resolution Landsat ETM+ scene with "true" area measurements of two glaciers from an IKONOS-2 scene with limited spatial extent. We also compared "true" area measurements from additional glacier termini from QuickBird imagery found in Google Earth with glacier area estimates from atmospherically-corrected Landsat TM NDSI images. For this quantitative calibration, we chose to focus on lower elevations of the glacier because these portions of a glacier usually have NDSI values that are closest to the selected threshold. Furthermore, the lower elevations of the glacier are normally the most subject to changes in area. We initially hand-digitized 19 additional glacier termini in Google Earth, using images from 7 September 2003, 2 July 2005, and 26 July 2011. We found Landsat scenes that corresponded temporally: 31 August 2003, 3 July 2005, and 5 August 2011. When comparing glacier outlines from a medium resolution image (ex: Landsat TM) and a fine resolution image (ex: IKONOS), we tried to meet the following criteria:
1.) The image acquisition dates should not differ by more than 2 weeks during the driest period of the year. 2.) The glacier being analyzed should be cloud free in both the medium-and high-resolution images. 3.) The glacier being analyzed should be free of internal rock bodies. 4.) The boundaries of the glacier should be clearly visibly and free of snow patches as well as very wet or dirty ice. 5.) It is preferable to compare areas of whole glaciers since differences in orthorectification/georectification between high-resolution imagery and medium-resolution imagery can lead to offset outlines. However, given the resolution of the medium-resolution imagery it can be difficult to separate entire glaciers for analysis, (this is especially true in the Cordillera Blanca). When this is the case, glacier termini can be mapped up to a cut-off line that is chosen by the analyst. Ideally the cut-off line should run N-S or E-W and should originate from a point that can be located in both the medium-and fine-resolution images.
After applying these criteria, we eliminated 10 glaciers for a remaining total of 11 glaciers. For each of these 11 calibration glaciers, we determined the threshold that resulted in the best match between the TM NDSI debris-free glacier area and "true" hand-digitized area from the high resolution imagery. We then calculated the mean optimal NDSI glacier/non-glacier threshold for the 11 glaciers as well as the standard deviation of the mean. The mean optimal threshold was applied and visually checked against false-color composite images.
Mapping glaciers in the Cordillera Blanca
The single, mean NDSI threshold was applied to the NDSI image associated with each Landsat TM scene (1987, 1996, 2004, and 2010) because the scenes were spectrally similar and further standardized by radiometric and atmospheric corrections. We converted reclassified NDSI raster-based grid cells to polygons using ArcGIS v9.3. To remove lower elevation errors, which were usually associated with water bodies and deep shadow, we clipped these polygons to areas above 4000 m a.s.l. Similar to , we also deleted polygons smaller than 0.01 km 2 based on our conceptual definition of a glacier. Finally, obvious mapping errors, such as lakes, were removed based on visual inspection of the TM scene being analyzed. Clouds were present over glacierized portions of the Cordillera Blanca in three of the four scenes. However, the extent of the cloud cover was less than about 1% in each case. In cases where a cloud obscured a glacier, we edited the glacier terminus by hand. The terminus was either re-drawn to match the extent of the previous year's outline or points were added in cloud breaks and then interpolated manually based on our best estimate of the glacier's position. We did not apply the NDSI mapping method to the 1975 Landsat 2 MSS scene because the MSS does not record data in the portion of the spectrum that is equivalent to band 5 of Landsat TM and Landsat ETM+. We did not apply the 6S atmospheric correction or the topographic correction to this scene because glacier outlines could only be created by hand-digitization. The resolution of the scene and saturation over some glaciers made it difficult to map glaciers accurately, especially ice-free areas within the glacier body. Additional attempts to map debris-free glacier ice with supervised classification methods were unsuccessful. Therefore, we do not report area estimates for this scene and instead use it to make some general observations.
Mapping debris-covered glaciers has proven to be very challenging since debris is spectrally similar to nearby terrain. While most studies have relied on manual delineation by hand-digitization (Hall, Williams, & Bayr, 1992; , others have attempted to develop semi-automated methods (Bolch & Kamp, 2006; Paul, Huggel, & Kääb, 2004; Taschner & Ranzi, 2002) . However, even when an automated debris-cover mapping method is moderately successful in one location, it is not always transferable to other regions. We tested several different automated debris-cover mapping methods and had little success. Therefore, we hand-digitized debris-covered glaciers using false color composites (bands 5, 4, and 3) of each Landsat TM scene. For each scene, the upper edge of the debris-covered glacier polygons was made coincident with the termini of the debris-free glacier polygons since the termini locations of the debris-free glaciers were different for each scene. This methodology assumes that debris-covered glaciers are still connected to debris-free ice. The locations of debris-covered glaciers within the Cordillera Blanca were mapped first based on the GLIMS glacier outlines and then confirmed with Google Earth imagery, an IKONOS-2 scene covering most of the Llanganuco watershed (acquired on 5 December 2002), and two sets of mosaicked ASTER scenes (15 m resolution), each covering nearly the entire Cordillera Blanca.
For each scene, debris-covered glacier polygons were merged with debris-free glacier polygons for an estimate of total glacier area. For our analysis of change in glacier area, we focused on the watersheds listed in Table 1 as well as the entire Cordillera Blanca. We used the 90 m resolution SRTM DEM along with ArcHydro tools and gauge locations to delineate watershed boundaries.
Error analyses
We chose to estimate error in two different ways. First, we tried a piecewise approach in which we attempted to estimate the error associated with the different components of a glacier outline. We first estimated debris-free glacier area error using the uncertainty associated with the choice of NDSI threshold. To illustrate the NDSI threshold sensitivity, we applied a range of thresholds using the mean threshold of the 11 calibration glaciers ±1 standard deviation. We also considered possible errors associated with topographic effects. One approach for estimating errors associated with topographic effects is to examine the differences between topographically-corrected and non-topographically-corrected NDSI outlines. Although confidence is lacking in the DEM used for the topographic correction, we can still use the difference from the non-topographically-corrected outlines as a first order approximation of errors associated with topographic effects. Due to the lack of accurate reference data it is very difficult to estimate the uncertainty associated with debris-covered glaciers. As a result, we conservatively estimate that our debris-covered glacier outlines have an error of ±20%.
Second, we estimated the error in mapping both glacier types (debris-free and debris-covered) using a 1 pixel (30 m) buffer method (Congalton, 1991; Silverio & Jaquet, 2005) in order to be consistent with previous studies in the Cordillera Blanca. The ±30 m buffer was applied to the merged debris-free glacier and debris-covered glacier polygons and the area was measured again for each buffer.
Results
Effects of atmospheric and topographic corrections
We first explored the effect of 6S atmospheric correction on the NDSI for each set of scenes from each year. Fig. 4 shows histograms of NDSI values for each year, before and after atmospheric correction (only for P08R66). After performing atmospheric correction, histogram values tend to cluster more towards the NDSI extremes (−1 and 1). We next stacked atmospherically-corrected (AC) and atmosphericallyuncorrected (no AC) NDSI histograms separately (Fig. 5) . For the different years, the shape of the NDSI histograms is slightly different, but the atmospheric correction does produce a more uniform distribution.
The histograms also show that the variance between years in the critical threshold zone (typically 0.2 to 0.7) is reduced after performing atmospheric correction.
Next, we explored the effects of the C-method topographic correction. Performing a rigorous visual evaluation of the topographicallycorrected (TC) outlines is difficult without access to high resolution imagery or ground-truthed data from multiple dates. We were able to compare atmospherically-and topographically-corrected (AC + TC) outlines generated from a TM NDSI image (31 August 2003) with high resolution imagery from Google Earth (7 September 2003). However, due to differences in georectification and/or orthorectification, the outlines are not well-aligned. Nevertheless, when comparing the NDSI outlines with the high-resolution imagery, we note that the topographic correction improved classification in some shadowed areas, but not all. In some instances, internal polygons were erroneously created within the true glacier extent. Since we were already lacking confidence in the DEM's quality and because it appeared to us that slightly more error was being created than reduced by the topographic correction, we omitted this step in our final analysis.
Although we decided not to use the raw or topographicallycorrected NDSI images for our final analysis, we wanted to compare the effect of the different corrections on the debris-free glacier areas generated using the three different versions of the NDSI (no AC, AC, and AC + TC), using a range of commonly applied thresholds from the literature (0.35-0.55). Fig. 6 shows the range of areas generated using each version of the NDSI. The debris-free glacier areas reported in this figure are not exact because small glacier bodies (b 0.01 km 2 ) and lakes within approximately 500 m of the terminus were not manually removed. Regardless, the effect of the different corrections is obvious. Atmospheric correction and topographic correction both increase the total debris-free glacier area mapped with a particular threshold. However, the topographic correction results in less debris-free glacier area, most likely because reflectance values are being reduced in many areas (mostly shadows).
NDSI threshold selection
Based on NDSI threshold calibration of 11 debris-free glacier termini, we calculated a mean threshold value of 0.42 with a standard deviation of 0.13, and a median value of 0.45. An example of NDSI threshold calibration using a high-resolution IKONOS-2 scene is shown in Fig. 7 . We have more confidence in the two threshold values determined from the IKONOS-2 scene since we were able to co-register this scene with a temporally coincident ETM+ scene using GIS. The high standard deviation value is likely the result of calibration using Google Earth imagery that was not co-registered using GIS and orthorectified differently than the TM scenes. After performing the raster to vector conversion, we visually inspected glacier outlines for each year and found that the 0.42 threshold resulted in a very good fit between TM false color composites and glacier outlines.
Glacier area change across watersheds of the Cordillera Blanca
An example of the resulting glacier outlines derived from the NDSI and hand-digitization of debris-covered glaciers from the years 1987, 1996, 2004, and 2010 is shown superimposed on the Llanganuco watershed (Fig. 8) . These outlines illustrate patterns of area loss within this watershed. The total area change for all sub-watersheds, broken down by time period, is shown in Fig. 9 . For the Llanganuco watershed, the total change in glacier area from 1987 to 2010 was 6.5 km Table 5 lists the measured areas for each scene and for each sub-watershed.
We also examined how glacier area changed for watersheds as a function of initial median glacier elevation (Fig. 10) and glacier aspect derived from the SRTM DEM. In general, the sub-watersheds with the most glacier-covered area appear to be most representative of the changes observed for the Callejón de Huaylas and the entire Cordillera Blanca. Watersheds with the lowest median glacier elevation lost the most glacier area from 1987 to 2010. The Querococha watershed is an exceptional example of total percent glacier area loss because it is a watershed with a lower maximum elevation and lower median glacier elevation. Glacier aspect appears to be important as well (Fig. 11) . South and southeast facing glaciers had the largest relative percent change. However, there is not a significant difference in total glacier area loss between glaciers that drain to the Pacific Ocean and those draining to the Atlantic. The eastern portion of the Cordillera Blanca (147 km 2 in 2010) lost 27% of 1987 glacier area, while the western portion of the Cordillera Blanca (336 km 2 in 2010) lost 25% of 1987 glacier area. We would expect glaciers on the eastern slopes of the Cordillera Blanca to lose a greater percentage of their area because they are lower on average (Kaser & Georges, 1997) . Moving from the northern to southern part of the Cordillera Blanca, there is a (non-significant) positive trend in total percent glacier area change from 1987 to 2010, meaning that glacier area in watersheds of the southern Cordillera Blanca appears to decline more than glacier area in watersheds of the northern Cordillera Blanca. This trend is likely explained by the higher mean and maximum watershed elevations in the central and northern portions of the Cordillera Blanca. . The effect of atmospheric correction is illustrated by examining stacked histograms (for P08R66 scene only). After atmospheric correction is performed (b), the NDSI values have a more uniform distribution, clustering towards the upper limit of the NDSI. The histograms also suggest that the variance in the critical threshold zone (0.2 to0.7) is reduced after performing atmospheric correction. Fig. 6 . Comparison of debris-free glacier area for the entire Cordillera Blanca generated using three different NDSI images (one created from the raw data, one created using atmospherically-corrected bands, and one created using bands that were both atmospherically-and topographically-corrected) with a range of common thresholds found in the literature (0.35, 0.45, and 0.55). These values should be taken only as approximations since manual editing of resulting outlines was not performed.
Next, we highlight the changes in total glacier area at three different scales (Fig. 12) . We incorporated data from 11 previous studies to illustrate the change in glacier area prior to 1987 and to make comparisons with our area estimates. The overall pattern of glacier change at different spatial scales appears to be relatively consistent (Figs. 9  and 12 ). Nearly all watersheds show maximum rates of area loss in the period from 2004 to 2010, an intermediate rate of area loss from 1987 to 1996, a much smaller rate of area loss (or gain in some instances) from 1996 to 2004.
Discussion
Pre-processing corrections and threshold selection
Atmospheric and topographic corrections can facilitate the selection of a single threshold value, assuming that other atmospheric variables, such as smoke or haze, are not introduced from one scene to the next, that the scenes are spectrally similar, and that the DEM is of sufficient resolution and quality. Relative to uncorrected data, atmospheric and topographic corrections make a noticeable difference when estimating debris-free glacier area. Fig. 6 implies that studies mapping debris-free glacier area with an uncorrected NDSI image may be underestimating debris-free glacier area if the same threshold is used. The same figure also illustrates the importance of honing in on the best threshold. Relatively small differences in the choice of threshold associated with a particular NDSI scene can have significant effects on the estimation of debris-free glacier area. We, like others (Racoviteanu et al., 2009 ), suggest that thresholds should always be carefully selected and checked for each scene (and potentially different parts of a single scene). If a threshold is simply selected based on a value found in the literature, then the analyst runs the risk of introducing more error.
Other studies in the Cordillera Blanca have utilized the NDSI to map glacier area. However, two of the three studies do not discuss atmospheric correction and only one discusses consideration (UGRH, 2010). Silverio and Jaquet (2005) used variable threshold values (0.4 and 0.52) for two different raw TM scenes. The authors explain that they used a different threshold because reflectance was lower in the August 1996 image, relative to the May 1987 image they selected. argued that atmospheric effects are negligible. They used a threshold value of 0.5 for two SPOT scenes from 2003, but did not discuss how the threshold value was chosen. The glacier inventory performed by UGRH used satellite images from the ASTER and SPOT satellites with a single threshold of 0.4. The authors also do not discuss the selection of a threshold. When retrospectively examining the results of other glacier mapping studies, it is difficult to estimate errors associated with using atmospherically-uncorrected bands for the NDSI, especially if different sensors are used. Furthermore, it is difficult for us to evaluate the accuracy of estimates from previous studies because of different post-processing steps (glacier size thresholds, manual adjustment for lakes and shadows), as well as differences in the interpretation of debris-covered glacier extent. Fig. 9 . Area change in each of the study sub-watersheds and the entire Cordillera Blanca from 1987 to 2010. Area loss for each sub-watershed is shown with a pie chart. White sections of the pie chart represent the total remaining glacier area (2010) while other sections represent area lost between three periods (1987 to 1996, 1996 to 2004, and 2004 to 2010) . Black text within the pie chart indicates the total area loss from 1987 to 2010.
Table 5
Glacier area estimates for each of the sub-watersheds as well as the entire Cordillera Blanca. Error was estimated using the 1 pixel (30 m) buffer method. 
Glacier area change over time
We illustrate the change in total glacier area over time at different scales using our own estimates and estimates from previous studies (Fig. 12) . Georges (2004) provides a thorough description of glacier extent in the Cordillera Blanca from approximately the Little Ice Age to 1990. Georges notes that glacier retreat rates were not constant over the 20th century, instead the greatest declines were in 1930s and 1940s, with the rate of decline slowing in the 1950s and 1960s, and then increasing again to intermediate retreat rates from 1970 to the end of the 20th century. An analysis of a 1975 Landsat 2 MSS scene suggests a possible advance in the mid-1970s. In the MSS image, the coarse spatial resolution and saturation over some areas make it particularly difficult to map internal rock bodies within a glacier. However, after co-registration the positions of most glacier termini can be mapped reasonably well. Comparisons with outlines from 1970 suggest a slight advance. Other data records also suggest that an increase in glacier area from 1970 to 1975 is plausible and likely. Annual precipitation measured at Llanganuco leading up to 1970 was roughly average, relative to the period from 1953 to 2010. Annual precipitation measured from 1973 to 1975 was more than 250 mm above the long-term average, presumably leading to an increase in glacier accumulation, and possibly area. Furthermore when looking at the long term record of annual temperature from the Querococha station as well as temperature records shown by , we see that annual temperatures were near their lowest values around 1975. Observations of the Broggi and Uruashraju glaciers (Fig. 13) (Portocarrero, Torres Guevara, & Gómez, 2008) as well as others (Kaser et al., 1990) suggest that these smaller glaciers were in a state of equilibrium or were even slightly advancing at this time.
From 1975 to 1987, there is little information about glacier area changes available from remote sensing instruments. Glacier behavior in the Cordillera Blanca during this 12 year period has to be inferred from the long-term reference glaciers Broggi and Uruashraju (Fig. 13) . Based on these observations, it appears that glaciers began to retreat again starting in the late 1970s. Similar to Georges (2004) , we observed an increased rate of glacier change from 1987 to 1996. During this time, the Cordillera Blanca lost 1% of 1987 glacier area per year. Georges (2004) notes a decrease in the rate of glacier area decline after the El Nino in 1997-1998 and that some glaciers even started to advance slightly during this time. These observations are in line with our glacier change estimates from 1996 to 2004. During this time, the Cordillera Blanca lost only 14.6 km 2 , or just 0.3% of 1996 glacier area per year. This rate of glacier change is about 50% of the average 1970-2003 rate reported by and also approximately 50% of the average rate of change from 1970 to 2010.
From 2004 to 2010, glaciers lost area at an accelerated rate. Glaciers in the Cordillera Blanca lost 87 km 2 , or 2.5% of 2004 glacier area per year. This is higher than any previously published rate of area loss in the Cordillera Blanca between any two years. Baraer et al. (2012) Glacier area change in the Cordillera Blanca at different scales. We incorporated data from 11 previous studies to show past changes and in order to compare our estimates with others made at approximately the same time. Error bars are shown for years when error was estimated. Our error estimates were calculated using the GIS buffer method.
Error analysis
Most studies focusing on glacier area change do not fully quantify the errors associated with glacier mapping (Bhambri & Bolch, 2009) because it is very difficult to account for numerous sources of error and because more accurate reference data is commonly not available (Paul & Andreassen, 2009) . As a result, there still does not appear to be a consensus within the glaciological community on the best method for estimating errors associated with glacier area estimates generated from automated methods (Racoviteanu et al., 2009 ). The central problem is that high-resolution "true" area measurements, which could be used for traditional error analyses, are limited, especially for the Cordillera Blanca. Paul et al. (2013) have suggested a new method for estimating a reference area value based on multiple hand digitizations of a single glacier by different analysts.
There are several sources of error associated with our estimates of glacier area. First, there is positional error associated with each glacier outline due to imperfect co-registration. We estimate the positional accuracy of all scenes to be less than 30 m, relative to the 18 August 2010 Landsat 5 TM image. In most cases, the accuracy is better than half a pixel (15 m). These positional errors do not affect total glacier area estimates for the entire Cordillera Blanca. However, these errors are important when estimating total glacier area for individual watersheds, since some pixels may be located within the wrong watershed boundary that is derived from the SRTM DEM. We also consider "conceptual errors" described by Racoviteanu et al. (2009) . We did not define individual glaciers, but we did set a minimum glacier size threshold of 0.01 km 2 to eliminate snowfields and other small ice bodies that may have been classified as glaciers.
There is also uncertainty associated with our choice of threshold. Based on our NDSI threshold calibration of 11 glaciers, we calculated a standard deviation from the mean of 0.13. This value has to be taken as a rough approximation due to factors (already described) that are associated with the calibration process. Nevertheless, this approach could be used for other locations in the future, especially if the alignment between Google Earth imagery and TM outlines is better for the region of interest or if high-resolution imagery is available for use in a GIS environment. In order to estimate another piece of the total mapping error picture, we decided to use this NDSI threshold standard deviation value to estimate the uncertainty in debris-free glacier area associated with our choice of threshold. The debris-free glacier area upper error bound is estimated as the mean NDSI threshold (0.42) minus 0.13 (0.29). The debris-free glacier area lower error bound is estimated as the mean NDSI threshold (0.42) plus 0.13 (0.55). Fig. 14 shows the sensitivity of debris-free glacier area to the NDSI threshold for each scene.
It is also important to consider errors associated with topographic illumination. Based on comparisons with high resolution imagery found in Google Earth (7 September 2003) and a TM scene (31 August 2003), we are confident that clean glacier ice is being correctly mapped in cast shadow, however, we are slightly less confident that all internal rock bodies located in cast shadow are being mapped correctly. However, we argue that issues associated with topographic illumination should be minimal. Our TM images have relatively high solar elevation angles, with a mean that differs by only 10°and a mean solar azimuth that varies by only 9° (Table 3) . Furthermore, the band ratio methods are known to minimize illumination differences due to topography. To try and account for the potential error associated with topographic effects, we tested additional raw TM band 1 thresholds (Paul & Andreassen, 2009) , ranging from 25 to 125, for removing internal rock bodies in cast shadow. We found this method to be ineffective. When comparing TM NDSI generated outlines with high resolution imagery in Google Earth, clean ice was frequently found in areas that were excluded when using typical TM band 1 threshold values. Another way to estimate the potential error associated with topographic effects is to calculate the percent difference between debris-free glacier area estimates derived from atmosphericallycorrected and atmospherically-and topographically-corrected scenes (Fig. 6 ). The average percent difference for all scenes is approximately 3%.
Mapping of debris-covered glaciers has the highest relative percent error (Paul et al., 2013) but uncertainty cannot truly be quantified because accurate reference data is lacking. We acknowledge that our delineation of debris-covered glaciers is interpretive, but we tried to be consistent with previous studies and used different imagery sources to find and manually digitize debris-covered glaciers. Our only fieldbased verification of debris-covered glacier extent is from the Llanganuco watershed. Fortunately, debris-covered glacier area is only a small part of total glacier area. This means that, while relative error for hand-digitizing debris-covered glaciers is likely large, the total error (in km 2 ) is probably very small when compared with the debrisfree glacier area. We conservatively estimate a 20% error on either side of the measured debris-covered area estimate. For each year of analysis a 20% error in digitization amounts to less than 1% of the total glacier area measured for that year. Even if our digitizations of all debris-covered glaciers were wrong by 50% then this error would only be approximately 2% of the debris-free glacier area total for each year.
The GIS buffer method, that is adding and subtracting some distance from each outline and then calculating the total areas for the resulting glacier polygons, is another approach to estimate the total overall Fig. 13 . Field observations of the retreat of the Broggi and Uruashraju glaciers from an initial terminus location (Portocarrero et al., 2008) . error of each glacier outline. This method is consistent with previous studies in the region Silverio & Jaquet, 2005) , however it tends to over-estimate error (Hoffman, Fountain, & Achuff, 2007) and should be considered as more of an absolute range than an error estimate, such as 1 standard deviation. Estimated error bounds for each glacier outline are the result of a ±30 m buffer and are shown in Table 5 . The buffer results in error approximations of 12-16% on either side of the total glacier area estimate. We note that these error ranges are slightly larger (by percentage) than estimates from other studies using the same method because the majority of glaciers in the Cordillera Blanca are very small and fragmented , relative to glaciers in other parts of the world. Based on geometry, smaller glaciers that have the same total area as one larger glacier will have a larger total perimeter length, and thus a larger buffered area than the single, larger glacier.
Finally, we compare the piecewise and GIS buffer error estimates (Fig. 15) . For the piecewise error estimation, we see that the choice of threshold entails the largest error bounds (5%), followed by the error estimated by topographic correction (3%), and finally by the error associated with hand-digitization of debris-covered glaciers (b1%). The buffer method results in a much larger error range that is likely over-estimated.
Summary
This study details a method for mapping glaciers using atmospherically-corrected satellite imagery and a single threshold value for the NDSI. In this study, atmospheric correction and careful scene selection facilitated the selection of a single NDSI threshold. We calibrated our threshold choice using high-resolution satellite imagery and also provided a rough estimate for the error associated with our choice of threshold and the error associated with topographic effects. Although we are able to provide rough error estimates, we acknowledge that it is still challenging to provide more accurate estimates for the overall error associated with a set of glacier outlines. In addition to our threshold and illumination uncertainty estimates, we also applied the more traditional GIS buffer method, which likely over-estimates the error associated with our outlines. Future work should develop systematic methods for estimating the error associated with a glacier outline. With the increasing availability of high resolution imagery, especially when it is freely available in Google Earth, it should be possible to generate better reference values with associated uncertainties (Paul et al., 2013) .
Applying a single, validated threshold to atmospherically-corrected Landsat TM scenes, we measured a 25% decrease in glacier area in the Cordillera Blanca from 1987 to 2010. The La Balsa watershed (Callejón de Huaylas), which is home to over a quarter of a million people, lost 23% of glacier area from 1987 to 2010. Watersheds with the least glacier extent and lowest median glacier elevations lost more area than their counterparts over this period of time. The rate of glacier change is not temporally consistent as the decline in glacier area appears to be accelerating based on the most recent estimates from 2004 to 2010. This accelerated rate is a serious cause for concern as communities in this arid environment continue to cope with changing water supplies. Future work focusing on mapping glacier change in the Cordillera Blanca should utilize the NDSI in order to be consistent with prior studies, as well as our own. Furthermore, future studies should explore new methods for accurately mapping debris-covered glaciers in this region as their true extent and role in the water balance are not well known.
We acknowledge that this approach may not be temporally practical on a larger scale, such as one that includes many different scenes. However, when smaller areas such as the Cordillera Blanca or individual watersheds are concerned, we would recommend that future studies use a similar approach in order to be as accurate and error-conscious as possible. Since on-the-ground mass balance measurements are very limited in the Cordillera Blanca, accurate estimates of glacier area, along with the error associated with these estimates, will continue to be important for understanding how glaciers are responding to a changing climate. Finally, accurate estimates, like the ones provided here, are essential for hydrologic models which utilize these values to calculate current glacier contributions to streamflow and make predictions about future glacier extent and runoff under different climate scenarios. Fig. 15 . For each year, the positive and negative total glacier area error ranges are shown. The first bar corresponds to the piecewise method in which the potential error associated with debris-cover digitization (gray), threshold selection (blue), and topographic effects (black) are estimated. The second bar (orange) corresponds to the error range produced by the 30 m GIS buffer method. For each bar, we also show the relative error (the area error estimate divided by the total glacier area for that year) in white. This value is not shown for the debris-covered glacier component. For each year the positive and negative relative error associated with manual digitizations of debris-covered glaciers is less than 1%.
